INTRODUCTION
There is widespread fundamental interest in the development of materials that either reversibly or permanently change their color in response to an external stimulus. 1, 2 Mechanochromic materials, i.e., materials that display an optical response in reaction to the application of a mechanical stimulus, [3] [4] [5] [6] [7] represent an important subset of this class of materials. The ability to selectively and reliably signal mechanical stresses is not only of great fundamental interest, but also potentially useful for technological applications in fields that range from packaging to structural health monitoring. 4, 7 Among the most prominent examples are tamper-proof packaging materials, structural components that help to predict mechanical failure by displaying visual warning signs when elements are highly strained, or stress-sensitive sensors that allow for an in situ signaling of deformation and failure. The visualization of the effects of mechanical stresses on polymeric materials is also useful for developing a deeper understanding of stress transfer in polymeric objects and the underlying processes of mechanical failure. 8 The optical responses associated with mechanochromic materials can involve changes of the absorption, emission, and reflection of light. 9 Alterations of the reflectivity are generally the result of mechanical manipulations of defined nanostructures and associated photonic effects. [10] [11] [12] By contrast, mechanically induced modifications of the absorption or emission properties, which are the main subject of this highlight, almost exclusively originate from variations of molecular structure, conformational rearrangements, and/or changes of intermolecular interactions. These principles are at play in small molecule compounds that show mechanochromic behavior, as well as in polymeric materials. The former typically take the form of crystalline solids without notable mechanical properties and are, as such, beyond the scope of this highlight. Readers with specific interests in such compounds are directed towards recent review articles. [13] [14] [15] [16] When polymers are placed under mechanical stress, a variety of processes may take place that range from subtle adjustments, such as a reshuffling of the conformation of polymer chains, to chemical reactions, such as the cleavage of covalent chemical bonds, to rearrangements involving multiple molecules. [17] [18] [19] [20] [21] [22] Taking advantage of these processes has allowed researchers to devise a plethora of responsive materials that show a variety of mechanically triggered functions, including catalysis, pH changes, and healing. [17] [18] [19] If stressinduced physical or chemical rearrangements affect chromogenic moieties, changes of a material's absorption and emission properties may occur. Provided that the spectral changes are significant and that the properties of a sufficiently large fraction of the chromophores in the system are changed, macroscopically detectable mechanochromic responses can be achieved. Whether a mechanochromic response is reversible or permanent usually depends on the reversibility of the physical or chemical changes to the chromogenic moieties. Another important determinant is the deformation behavior of the polymer system under the applied strain or stress, i.e., whether the deformation is elastic or plastic. 7 The different approaches pursued to design mechanochromic materials can be classified according to the processes that occur upon application of the mechanical stimulus. Conformational changes of polymer chains, the dispersion of dye aggregates embedded in polymer matrices, cleavage of non-covalent interactions, or the scission of covalent bonds are the main mechanisms that have been employed as the basis for the creation of polymer-based mechanochromic materials. In the following, these different approaches are highlighted by means of selected illustrative examples that showcase the general principles at play and we provide an overview of the design principles of mechanochromic materials.
CONFORMATIONAL CHANGES OF POLYMERS
At the molecular level, polymers react to tensile deformation by extending through stretching and uncoiling of the individual chains, which involves rotations around the covalent bonds with an adjustment of the bond angles. 23 Similarly, polymers adjust to compressive stresses through rearrangements of the chains in order to achieve a close packing in the bulk. Such conformational changes of the polymer backbone can provoke a change of the electronic properties, notably in conjugated polymers, and this can be exploited to achieve a macroscopic mechanochromic response. Thus, conjugated polymers interact with light in accordance to their effective conjugation length, i.e., the structurally integer and fully conjugated segments of the polymer chain across which electron delocalization takes place. [24] [25] [26] As the effective conjugation length and the lowest energy optical transition of conjugated polymer chains are related, stressinduced changes of the conformation of the polymer backbone such as a transition from a planar to a non-planar conformation usually change the conjugation along a given segment and this structural perturbation leads to a shift of the corresponding absorption or emission band.
A prominent family of polymers that exhibit mechanochromism on the basis of this effect are poly(diacetylene)s. [27] [28] [29] Wegner pioneered the UV-induced polymerization of suitably preorganized 1,4-diacetylenes that yields polymers with a backbone of alternating double and triple bonds (Figure 1) . 30, 31 The conjugation along this conformationally hindered backbone is very sensitive to perturbations. Indeed, poly(diacetylene)s were found to display distinct color changes from blue to red (sometimes yellow) upon application of a stimulus. 28, [32] [33] [34] The chromism of poly(diacetylene)s has been extensively investigated and is associated with conformational rearrangements of the polymer backbone, [35] [36] [37] [38] although these effects are apparently superimposed with a contribution from changes in the intermolecular interactions. 32, 39, 40 The characteristic red-to-blue chromism of poly(diacetylene)s can be induced by a variety of stimuli, including mechanical force. Müller and Eckhardt reported that the visual color of poly(diacetylene) single crystal specimen changed from golden to green after exposure to compressive stresses. 41 Polymerized monolayers of poly(diacetylene)s were also exposed to compressive stresses at the air-water interface. 42 The strain of the applied surface pressure was sufficient to cause a reversible transition from a blue color at lower pressures to a red colored film at higher surface pressures. Similarly, shear forces were applied to multilayered poly(diacetylene) films on solid substrates by means of an AFM tip. 43 [45] [46] [47] After processing the poly(urethane)s, the diacetylene polymerization was performed in situ. The resulting poly(diacetylene) domains were shown to serve as mechanochromic probes that can signal mechanical stress to the hard domains through a color change. The uniaxial deformation of the elastomers thus prepared caused clearly visible mechanochromism, with color changes from blue to red to yellow. For samples with crystalline hard domains, the mechanically induced color changes were found to be reversible below a strain level of 250%; above this threshold, the deformation of the hard domains as well as the color changes became irreversible. Poly(diacetylene)s were also embedded in poly(ethylene oxide) wires and exposed to oscillatory forces that induced a chromic response. 48 Moreover, a poly(dimethylsiloxane) elastomer was used as a matrix and the strain of deformation upon hydrocarbon-induced swelling led to conformational changes of embedded poly(diacetylene)s that gave rise to a chromic response (Figure 1) . 49 The intensity of the response was found to be directly proportional to the swelling rate and thereby allowed for a visual differentiation of different linear alkanes. 55, 61 In addition to such studies involving neat π-conjugated polymers, Shiga and coworkers dispersed poly(thiophene)s in a matrix of poly(methyl methacrylate) and observed a relation between the applied tensile load and the fluorescence behavior of the samples. [62] [63] [64] Elastic deformation influenced the fluorescence decay times, while plastic deformation was accompanied by a reduced intensity and red-shift of the fluorescence signal.
The preceding examples highlight how the conformation of the conjugated backbone of polymers can be, typically reversibly, altered by application of mechanical stresses. As a result, the conjugation is either disrupted or a transition to conformations with an increased conjugation was observed. In both cases, the rearrangement can trigger a significant change of the absorption and emission properties of these materials. In addition to the conformational changes, intermolecular aggregation was often observed as a superimposed effect when investigating these polymers. In the following section we will discuss mechanochromic materials whose response predominantly originates from the formation or dispersion of such aggregates.
AGGREGATION-BASED RESPONSES
The absorption and emission properties of chromophores with conjugated π-electron systems are usually highly sensitive to the intermolecular distance and the geometric orientation within aggregates of the respective molecules. [65] [66] [67] [68] Accordingly, changing the molecular packing of such chromophores through mechanical forces can provide a direct pathway toward responsive mechanochromic materials.
While the aggregation of organic molecules or polymers typically causes strong fluorescence quenching, 6, 69 Ben Zhong Tang and coworkers pioneered the development of chromophores that display an increased emission in the aggregated state. 70 In early studies, the propeller-shaped, non-planar 1-methyl-1,2,3,4,5-pentaphenylsilole was explored, which does not luminesce in dilute solutions due to rapid intramolecular rotations that facilitate the thermal relaxation of excited states. By contrast, the aggregation of these molecules leads to a coplanarization with restricted intramolecular rotations and an increased electron delocalization across the conjugated π-system. As a result, an intense fluorescence emission can be observed.
After these initial findings, materials that display such an aggregation-induced emission (AIE) have received considerable attention due to potential applications in photovoltaic cells, organic light-emitting diodes, or responsive sensing materials. 71, 72 Thus, series of AIE chromophores were developed, 6,16 some of which display luminescent properties that change in response to mechanical grinding of the solids. 14, 73, 74 In a recent example by Tang and coworkers, the preparation of a fluorescent 1,3-indandione substituted tetraphenylethene was reported ( Figure 2 ). This chromophore displays AIE activity in combination with a visible mechanochromic response. 75 In the solid-state, grinding of the yellow powder produced an orange solid and the fluorescence spectra showed a shift of the yellowish-green emission at 510 nm to a red-orange emission at 562 nm when excited at 365 nm. Investigations by X-ray diffraction confirmed that the chromism was associated with mechanically induced rearrangements of the molecules and a transition from the crystalline to the amorphous state. While these examples are promising, the complex interplay of the interactions between chromophores and a polymer matrix have so far stifled the widespread implementation of such chromophores in mechanoresponsive polymeric materials that exploit the AIE effect. 6 An example reported by Rowan and coworkers might be considered as a notable exception. 76 The authors employed square-planar complexes of platinum with 4-dodecyloxy-2,6-bis(Nmethylbenzimidazol-20'-yl)pyridine and dispersed these in different acrylic polymers such as poly(methyl methacrylate) or poly(butyl methacrylate). Films of these polymers displayed a pronounced red-shifted emission of increased intensity upon application of compressive stresses, which was explained by structural rearrangements that led to the formation of short-range, intermolecular Pt-Pt interactions. Apparently, only a minor fraction of the intermolecular aggregates with short contacts were formed, but their highly emissive nature dominated the spectra. Moreover, Sottos, Moore and coworkers recently demonstrated the potential benefits of the AIE effect by employing core-shell microcapsules filled with dilute solutions of 1,1,2,2-tetraphenylethylene. 77 The mechanical disruption of capsules embedded in polymer matrices reliably led to an aggregation of the released chromophores and a strong, turn-on fluorescence signal facilitated the visual detection of microscopic damages to the material.
Aggregation dependent changes of the emission properties of excimer forming chromophores were employed by Weder and coworkers who pioneered the use of excimer-forming dyes and their dispersion in suitable polymer matrices for the preparation of mechanochromic fluorescent materials. Thus, cyano-substituted oligo(pphenylene vinylene) derivatives (cyano-OPV) were employed as luminescent chromophores that show a pronounced bathochromic shift, for example derivatives with methoxy substituents on the central phenyl ring displayed a shift from a red emission centered at 644 nm in the crystalline state to a green emission at 538 nm in dilute solution. 78, 79 The chromophores were first dispersed in linear low-density poly(ethylene) through a swelling-induced diffusion process. The fluorescence of these polymer films exhibited a pronounced red excimer emission that was associated to aggregates of the dye molecules in the polymer matrix. Tensile deformation of the films disrupted the aggregated chromophores and resulted in a chromic response as the fluorescence shifted to the green, monomerdominated emission. These initial findings were subsequently expanded and the conditions of the blending procedure were optimized to allow for direct melt processing (Figure 3a,b) . 80 Fast quenching of the blends and plasticization of the polymer matrix was key to prevent largescale phase segregation when higher dye concentrations were employed, as blends that featured microscopic aggregates on the order of 10 µm did not show mechanochromism. Moreover, cyano-OPV derivatives with longer alkyl chains were synthesized in order to decrease their solubility in polar matrices and furnish higher nucleation rates that promote the formation of small aggregates. This modification allowed for the preparation of excimer-containing blends with other polymer matrices such as poly(ethylene terephthalate) and poly(ethylene terephthalate glycol). 81, 82 Gratifyingly, all these blends showed a change of the fluorescence color upon application of mechanical stresses as the chromophore aggregates were disrupted. Selected cyano-OPV derivatives also displayed a significant bathochromic shift of the absorption bands upon aggregation. 81 However, mechanochromic materials that displayed a macroscopically discernible change of the absorption were only obtained when mechanical stresses led to a very efficient disruption of the aggregated chromophores, (almost) exclusively leaving well dispersed monomeric species in the strained regions of the polymer films. Thus, a pronounced change of the optical properties needs to arise in a large fraction of the chromophores to obtain materials with desirable properties.
Following a similar approach, Pucci and coworkers explored the use of stilbene derivatives to create polymers with mechanoresponsive luminescent behavior. 83 Commercially available 4,4'-bis(2-benzoxazolyl)-stilbene featured an excellent dispersibility in addition to a high melting point (360°C) and degradation temperature (380°C), making it an ideal candidate as additive for thermoplastics.
Thus, different concentrations of the chromophore were well dispersed in the amorphous phase of poly(propylene) films through a melt-mixing process at 260 °C. Above a dye concentration of 0.2 wt%, the absorption of the blends was found to be concentration independent and a new emission band at 500 nm emerged in the fluorescence spectra. This suggested the successful formation of excimer-type aggregates. When these polymer films were exposed to tensile deformation, the green emission color changed to the blue color of the monomer (Figure 3c ). In addition to a disruption of the aggregates, measurements with polarized light indicated that the chromophores adopted a uniaxial alignment along the stretching direction. These chromophores were subsequently also employed with other thermoplastics such as aliphatic polyesters and poly(1,4-butylene succinate). 84 Pucci and coworkers also explored the use of aggregates of perylene derivatives for the preparation of mechanochromic materials. 85, 86 Similarly to the previous examples, linear low-density poly(ethylene) was melt-processed with different amounts of perylene and the prepared films exhibited a pale yellow color with well-defined absorption and emission bands characteristic for the formation of dye aggregates. Tensile deformation disrupted the aggregates and the films showed the blue luminescence of individual perylene molecules.
Similar principles are at play in mechanochromic materials based on macromolecules that carry the corresponding chromophores in the polymer backbone or as pendant groups. [87] [88] [89] In all cases, the mechanical stress imparted by tensile deformation could be transferred to aggregates of the polymer-linked chromophores. The disruption of these aggregates was then observed through changes of the absorption and emission properties. Sufficient forces to disrupt the aggregates were typically achieved in the regime of plastic deformation of the polymer matrices. While tailored blends with such chromophore-containing polymers can be readily prepared, aggregate formation and stress-transfer to the aggregates can be challenging, especially in polymers with high segmental mobility such as thermoplastic poly(urethane)s. The dispersion of chromophores in a polymer melt is, by comparison, synthetically less complex and lower dye concentrations are sufficient to achieve successful aggregate formation.
Dispersions of two different chromophores might also be used to probe mechanical stresses in polymeric specimen. Thus, the efficiency of the fluorescence resonance energy transfer (FRET) process between donor and acceptor molecules is highly dependent on the intermolecular distances. 90, 91 Sijbesma and Karthikeyan explored the use of naphthalimide (acceptor) and 4-methylcoumarin (donor) derivatives as a FRET pair to detect mechanical stresses in thermoplastic elastomers with alternating blocks of soft poly(tetramethylene oxide)s and hard bisureas. 92 The donor molecules were anchored to the hard blocks of the polymers through hydrogen bonding, while the acceptor molecules were either randomly dispersed or placed at the center of a telechelic polymer carrying two donor molecules at the termini. The latter systems displayed superior stress-sensing properties as tensile elongation of the samples by 100% led to a decrease of the FRET intensity ratio by 35%. For comparison, polymers with randomly dispersed acceptors only showed similar responses after elongation by more than 300%. The alteration of the donor-acceptor distance of a FRET pair was also used to detect compressive stresses. Thus, Lee and Jee dispersed rhodamine 123 (donor) and azulene (acceptor) in an ethylene/1-octene copolymer, exposed the films to compressive stresses in nanoindentation experiments with an AFM, and monitored the fluorescence decay times of the donor chromophores as a measure of the efficiency of the FRET process. 93 The energy transfer efficiency was enhanced by a factor of two as the donor-acceptor distances were reduced with increasing indentation depth.
In summary, the formation or disruption of intermolecular aggregates has emerged as an efficient approach for the preparation of mechanochromic materials. However, most of the reported examples involve fluorescent polymers, which rely on the often very large difference of the emission properties of aggregated and isolated chromophores or energy transfer pairs. The exploitation of similar principles for the creation of materials that display similarly pronounced non-fluorescent mechanochromic responses, e.g., large changes in the absorption properties, appears more difficult. Unless charge-transfer effects are at play, the changes of the absorption spectrum resulting from the (de)aggregation of chromophores are usually small and therefore a large fraction of these molecules must be "switched" to elicit an appreciable optical change. It appears that the development and investigation of such materials deserves further attention, as the mentioned obstacles are not of fundamental nature and because for many applications color changing (as opposed to fluorescence color changing) mechanochromic materials seem preferable.
MECHANICALLY INDUCED CLEAVAGE OF COVALENT AND NON-COVALENT BONDS
The development of polymeric materials that respond to mechanical stresses through the ideally selective cleavage of predefined weak links -so called mechanophores -is another approach toward chromic materials that has recently seen significant progress. 18, 19, 21 In such materials, macroscopic mechanical stresses are directly translated into responses on the molecular level, where chemical reactions alter the chemical structure of the mechanophore. Such mechanically triggered reactions may be exploited to create a broad range of functions, which depend on the specific design of the mechanophore, and can include a change of the absorption or emission properties, rendering these materials mechanochromic. To enable stress transfer to the force-responsive moieties, they must be integrated with a polymer matrix and examples of suitable covalent as well as non-covalent mechanophores that display a chromic response have been reported.
Chromic Responses of Polymers with Covalent Mechanophores
The first reports of mechanochemistry date back to Staudinger and the observation that high shear forces can induce a decrease of the molecular weight of poly(styrene) on account of the mechanically induced scission of covalent bonds. 94 The deliberate force-induced cleavage of polymers at specific active sites is a much more recent development. 18, 19, 21 Several mechanophores that undergo a well-defined chemical reaction upon application of a sufficiently high mechanical force have been explored in this context. The bond scission can occur homo-or heterolytically, but pericyclic reactions have been reported, as well. Whereas mechanochemical transformations of polymers in dilute solutions have become routine, 95 similar mechanochemical transductions of polymers that support useful functions in solid materials have been more difficult to achieve. 96 In the case of chromic mechanophores, this would provide the ultimate means of detecting and understanding the effects of deformation in polymeric materials.
Moore, Sottos, White and coworkers were the first to report synthetic polymers that displayed mechanochromic behavior induced by deliberate mechanical activation of chemical reactions. 97 In their pioneering study, a spiropyran moiety was covalently embedded into the backbone of poly(methyl acrylate) or employed as cross-linker in poly(methyl methacrylate). Tensile deformation or compressive stresses permit a (reversible) electrocyclic ring-opening reaction of the colorless spiropyran to afford the highly colored merocyanine (Figure 4a ). The spiropyran, hence, acted as a molecular force sensor that was embedded in the investigated polymers. The distinct color changes provided the possibility for a visible detection and mapping of mechanical stresses within the bulk polymeric materials. Indeed, the most intense coloration was localized in regions of the highest deformation.
Several spiropyran derivatives have been thereafter utilized to prepare a broad range of polymer systems that display a chromic response to mechanical stimuli. 98 Recent examples include their incorporation in the center of the poly(n-butyl acrylate) block of triblock copolymers of poly(styrene)-b-poly(nbutyl acrylate)-b-poly(styrene). 99 In the latter materials, the poly(styrene) blocks form a hard phase, and their fraction determined the stress at which a mechanochromic response was observed. This example nicely demonstrates that the choice of the general design permits tailoring the properties of the mechanochromic materials. Spiropyran derivatives have also been embedded in the backbone of supramolecular polymers based on metal-ligand interactions or hydrogen bonding to create polymers that combine good mechanical performance, self-healing properties, and stress sensing capabilities. [100] [101] [102] [103] For example, spiropyrans were incorporated in the backbone of telechelic, ureidopyrimidinone-terminated polymers and tensile deformation led to an efficient stress transfer to the mechanochromic spiropyrans. 102 Moreover, the use of the spiropyran-motif in soft robotics has also been reported. Thus, the mechanophore was cured into a molded poly(dimethylsiloxane) soft robot walker and gripper. 104 The color change was then employed to detect high mechanical stresses and places where failure was most probable to occur displayed the most intense Following a similar approach, a rhodamine derivative has been recently embedded in the backbone of poly(urethane)s and the polymer films prepared from these materials exhibited a reversible mechanochromic response to stresses applied through shearing or compression. 106 This response is related to a ring-opening isomerization of the rhodamine from a twisted spirolactam to a planar zwitterionic amide derivative. In an effort to further improve the optical stress-sensing of mechanophores, Sijbesma and coworkers recently reported a 9-π-extended anthracene. 107 When the maleimide Diels-Alder adducts were embedded as mechanophores in poly(hexyl methacrylate), they could be mechanically activated in the solid state through compression. Solution-phase experiments served to demonstrate that the 9-π-extended anthracenes that were obtained after the stress-induced cycloreversion reaction featured a fluorescence quantum yield Φ f of 0.72 that was almost two orders of magnitude higher than the values of spiropyran mechanophores. Moreover, embedding basesensitive chromophores into amine-containing epoxides allowed for the preparation of mechanochromic materials that were highly sensitive to compressive stresses. 108 An elimination reaction was triggered by the coordination of the amines to the chromophore, which led to an increased conjugation in the latter and a visible change in the absorption as well as emission spectra of the material. Low compressive strains (ε = 0.14) were sufficient to trigger a visually detectable response, rendering this system highly useful for the detection of impact damages.
The formation and propagation of cracks is a dominant failure mode upon application of mechanical stresses and Chung and coworkers employed films of fluorescent mechanoresponsive polymers to facilitate the detection and analysis of cracks. 109, 110 Thus, monomers equipped with three cinnamoyl groups were drop-cast onto the surface of polymeric substrates. Subsequent irradiation led to a polymerization through [2+2]photocycloaddition reactions between the cinnamoyl moieties, furnishing cyclobutane-containing polymer films on the surface of the substrates. 109 The application of mechanical stresses by grinding or crack formation led to cycloreversion reactions that yielded the strongly fluorescent cinnamoyl motifs. Similarly, dimeric anthracene derivatives were employed to cross-link poly(vinyl alcohol). The cross-linked polymers were then used to coat plastic substrates. 110 Crack formation through bending of the substrates gave rise to a strong fluorescence signal with maxima in the range of 500-600 nm.
Another option to visualize and quantify covalent bond scission is the stress-induced formation of stable, colored radicals. For example, Otsuka and coworkers reported a diarylbibenzofuranone mechanophore that could be embedded in the backbone of poly(urethane)s when its diol derivative was copolymerized with poly(ethylene glycol) and hexamethyldiisocyanate. 111 Alternatively, crosslinked poly(urethane)s were obtained when a similar tetraol derivative was employed in the same polyaddition reaction. The cleavage of the mechanophore in cross-linked gels was achieved upon freezing of the sample, resulting in blue colored stable radicals that recombined after thawing. The activation of the mechanophores was found to be solventdependent. Presumably, the coagulation of the solvent upon freezing exerts mechanical force on the polymer network. Intriguingly, however, mechanical strain applied through tensile, compressive, or shear forces as well as fracture or swelling did not lead to a chromic response. The authors suggest that fast relaxation and recombination processes of formed radicals impede their detection. By contrast, when the same mechanophore was incorporated in poly(urethane)-based thermoplastic elastomers, a reversible formation of blue radicals upon tensile deformation was observed (Figure 4b ). 112 Performing tensile deformation in multiple cycles showed a repeated coloration and fading of the mechanophores and the amount of stress in the samples could be quantified by means of in situ electron paramagnetic resonance measurements. 113 Structural motifs that respond to mechanical stimulation through the emission of light were pioneered by Sijbesma and coworkers, 114 who incorporated a bis(adamantyl) 1,2-dioxetane in the center of poly(methyl acrylate). Mechanical activation in solution by means of sonication caused a pericyclic reaction of the strained fourmembered ring, concomitant with bright-blue luminescence. Addition of suitable acceptor chromophores led to energy transfer and allowed for a tuning of the emission color. The scission of this mechanophore could also be achieved in the solid state and mechanoluminescent responses in thermoplastic elastomers could be demonstrated. 115 The mechanofluorescence of 1,2-dioxetanes provided an effective means to monitor the chain-scission events that occurred upon tensile deformation of these polymers in real time. The ability of these motifs to serve as stress-sensors was also exploited in a recent study in which the mechanical reinforcement of elastomers was investigated. 8 The toughening of the elastomers was achieved by preparing triple interpenetrating networks. The first network featured shorted chains of poly(ethyl acrylate), while the second and third network consisted of longer poly(methyl acrylate) segments. The first network provided resistance to initial deformation and preferentially broke, resulting in energy dissipation and preventing crack propagation. These details of the failure mechanism of the materials were confirmed by incorporating dioxetanes into the first network (Figure 4c ). The mechanochromism of the dioxetanes facilitated the analysis of the failure modes upon tensile deformation by visualizing the bond-breakage in the vicinity of the propagating crack. Recently, Sijbesma and coworkers reported the use of mechanoluminescent dioxetanes to investigate the processes of stress-softening and mechanomemory in filled elastomers. 116 These reports showcase how suitable mechanochromic moieties can serve as analytical tools for the investigation of the failure of soft materials and aid in the development of better models, which might ultimately lead to the preparation of novel materials with improved properties.
Chromic Responses of Polymers with NonCovalent Mechanophores
Many of the examples of mechanochromic materials that respond with the scission of covalent bonds require relatively high forces to trigger a response. By contrast, mechanotransduction in biological systems is often activated by small forces, which is at least in part related to the fact that many natural materials are soft and in most cases contain significant amounts of water. [117] [118] [119] Examples that are found in nature are based on conformational rearrangements in proteins or changes in supramolecular architecture.
Researchers are increasingly taking inspiration from the design principles found in nature and have sought to exploit the dissociation of noncovalent interactions for the preparation of mechanochromic materials. 22 Early nanoscale force sensors were prepared by Bruns et al. who combined donor and acceptor type proteins that display fluorescence resonance energy transfer with so-called thermosome proteins that unfold along their mechanically weakest section upon mechanical stimulation. 120 The protein complex was embedded in poly(acrylamide)s and mechanical deformation led to a loss in the intensity of the fluorescence signal as the donor and acceptor proteins were separated. More recently, Bruns and coworkers reported the preparation of fiber-reinforced composites that utilized biomolecules to signal damages at the [125] , with permission from American Chemical Society.) micrometer scale. 121 This was achieved by placing an enhanced yellow fluorescent protein at the interface between glass fibers and an epoxy resin matrix. The materials signaled fiber fracture as well as debonding between fibers and matrix as the forces at the interface led to an unfolding of the embedded proteins that was accompanied by a loss of its yellow fluorescence. Schaaf, Schiller, and coworkers covalently grafted genetically modified green fluorescent proteins onto a poly(dimethyl siloxane) surface and showed that uniaxial mechanical stresses resulted in a fully reversible linear decrease of the fluorescence intensity that was attributed to conformational changes of the protein. 122 Moreover, fluorescent proteins were also employed in polymer matrices and their fluorescence signal was used to facilitate the detection of compressive stresses. 123 These mechanochromic materials rely on the unfolding of complex proteins to induce a color change and demonstrate how a chromic response can be achieved on the basis of non-covalent interactions.
Also relying on the mechanically induced disassembly of supramolecular interactions, non-covalent mechanochromic materials were developed that employ metallosupramolecular polymers with metal-ligand complexes as the mechanophores. Inspired by shake-responsive behavior of metallosupramolecular polymers reported by Rowan et al., 124 Weder and coworkers relied on the complex formation between europium salts and telechelic poly(ethylene-co-butylene) with 2,6-bis(1'-methylbenzimidazolyl)pyridine ligands at the termini to obtain a supramolecular network ( Figure 5 ).
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The metal-ligand complexes served as mechanophores that displayed a simultaneous chromic response. Reversible and dose-dependent disassembly of the complexes was induced for solutions of these polymers through application of ultrasound pulses. The fluorescence signal of the complex thereby served as an internal optical probe that allowed for a direct monitoring of the state of (dis)assembly. Moreover, when iron salts were imbedded in films of this polymer, mechanical disruption with a needle led to disassembly of the europium complexes, as evidenced by the formation of the thermodynamically favored iron complexes and a visible color change.
In similar metal-ligand systems a terpyridyl-endcapped four arm poly(ethylene glycol) polymer was complexed with lanthanide ions. 126 A wide range of stimuli-responsive behaviors of these metallosupramolecular polymer gels was observed, including a chromic response to FIGURE 6 A mechanoresponsive, white luminescent metallosupramolecular polymer gel is obtained when a four-arm star polymer with terpyridyl ligands forms complexes with Eu 3+ and Tb 3+ ions. Sonication leads to a gel-sol phase transition and the initially white gel becomes a blue liquid. (Reproduced and adapted from [126] , with permission from American Chemical Society.) mechanical stress ( Figure 6 ). Thus, sonication of self-assembled white luminescent gels resulted in a breakdown of the supramolecular network and the blue fluorescence of the obtained fluid indicated the presence of unbound ligand. Spectroscopic investigations confirmed partial cleavage of the complex-based cross-links. Such supramolecular polymers are envisioned as a versatile platform for the development of mechanochromic polymeric materials that can benefit from the tunable interaction strength and the dynamic, reversible nature of the supramolecular interactions.
CONCLUSIONS
The development of mechanochromic materials has been inspired by the potential benefits of predicting mechanical failure as well as the desire to signal and detect the impact of mechanical stress and wear on polymeric objects. In this context, an advanced understanding of the processes that take place in polymeric specimen upon mechanical deformation has been both accompanied and perpetuated by the development of mechanochromic materials with improved properties. The approaches toward such materials have evolved from the use of conjugated polymers that undergo conformational changes of their backbone upon application of mechanical stimuli to the stress-induced dispersion of chromophore aggregates in polymer matrices. More recently, the controlled scission of covalent bonds or cleavage of non-covalent interactions have become mechanisms of choice for the preparation of polymer-based mechanochromic materials.
The conditions under which a material will be employed might be the most critical parameter that needs to be considered when choosing between different design approaches. Thus, many of the chromogenic moieties that respond to mechanical deformation can also be activated by other means. When the chromogenic units are, for example, responsive to light or temperature changes, practical issues and a complication of the analysis might ensue. Another important criterion is the envisioned mode of detection, which directly results from the type of response, i.e., whether changes in emission or absorption properties occur. Many of the reported materials rely on changes in the emission properties that are typically more straightforward to discern when bulk samples are investigated. Provided that the spectral changes are significant and a sufficient fraction of the chromophores in the system contribute, macroscopically detectable mechanochromic responses based on the absorption properties can also be achieved. However, the background color of embedded chromophores that have not been activated can impede the detection of a chromic response that is based on changes of the absorption. At the same time, it would be highly desirable to be able to detect the color changes without the necessity to excite the respective materials throughout the analysis. An intriguing opportunity in this regard that has only been scarcely investigated is the use of charge-transfer complexes. 127 The typically large color changes between the complex and the individual donor and acceptor moieties renders them ideal candidates.
Whether a response is reversible or permanent is determined by the nature of the physical or chemical changes that provoke a chromic response in polymeric materials, both with respect to the chromogenic moieties and the deformation behavior of the matrix. Indeed, the mechanical properties and the deformation behavior of the surrounding matrix exert a large influence on the magnitude of the forces that the chromogenic moieties may experience. This appears to make the realization of mechanochromic effects particularly challenging in rigid materials, specifically in glassy polymers, where the selective mechanical activation of an embedded chemical motif (as opposed to random events) may be difficult to achieve.
To conclude, the field of mechanochromic materials has seen significant progress and many opportunities remain. Especially the recent developments in mechanochemistry have led to a surge in the development of polymeric materials that respond to mechanical deformation in a useful manner.
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Approaches to Polymeric Mechanochromic Materials
Mechanochromic materials display a change of their optical properties upon mechanical deformation. Such materials are of interest for technological applications as well as fundamental research and can aid in the identification of processes that lead to mechanical failure in polymeric objects. In this highlight, approaches toward polymeric materials that signal mechanical stresses through a chromic response are discussed. These responses almost exclusively originate from changes of molecular structure, conformational rearrangements, or disruption of intermolecular interactions.
